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(54) Spectrophotometric blood analysis 

(57) A spectrophotometric method and device are 
described which are particularly useful for on-line moni- 
toring and control of blood parameters. Determination of 
a blood parameter without measuring or directly follow- 
ing another blood parameter, is made possible by using 
information contained in scatter. Calibration using 



means for scattering a light beam to a suitable reference 
geometry, is beneficially used. The device is beneficially 
applied to extracorporeal circuits, and may be used to 
optimize dialysis. 
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Background of the Invention 

5 This invention relates to the spectrophotometry analysis of blood parameters. 

Blood parameters or indices such as transvascular fluid exchange, provide important clinical information. For exam- 
ple, there are a number of clinical conditions, e.g. renal failure and massive fluid overload, which require fluid removal 
and in which it would be beneficial to be able to achieve an optimal rate of fluid removal. 

Commonly used clinical approaches for fluid removal include an extracorporeal circuit. Because the body tissues 
10 and the blood stream are in direct communication, fluid removal from the blood results in an imbalance of forces which 
favors fluid movement from the tissues toward the blood stream. Continuous fluid removal from the blood stream therefore 
results in continuous mobilization from the tissues, which is the ultimate purpose of the therapy. 

However, if fluid removal from the blood stream is induced at a rate faster than fluid can be mobilized from the 
tissues, patients can become hypotensive (shock). This complication is difficult to predict even if blood pressure is fol- 
75 lowed continuously. To prevent this possibility, fluid removal may be induced at a slow rate. However, it is desirable to 
achieve a maximal rate of fluid removal which can be matched safely by fluid mobilization from the tissues into the blood 
stream. In this way, dialysis may be optimized. 

As illustrated by U.S. Patent Nos. 3,830,569 to Meric, 4,243.883 to Schwartzmann, and 4,735,504 to Tycko, a spec- 
trophotometry device for measuring blood indices including a suitable light source and photodetector is known. The 
20 light source may be a laser with a collimating lens mounted in front of the laser, and the light source may be remote from 
or proximate to the blood. As shown by Meric, multiple detectors in combination with a centrally disposed, light trap have 
been used, and a shield provided with windows may be disposed in the light path. Tycko processes forward scattered 
light by separating based upon high or low angular interval, prior to detection by separate detectors. 

Also known as exemplified by US. Patent No. 4,484,135 to Ishibara et al. is hematocrit determination by blood 
25 resistivity measurement This patent criticizes measurements deriving hematocrit from blood cell count and mean Wood 
cell volume, for using diluted blood if the concentration of the electrolyte and protein in the diluted Wood has been 
changed. 

As illustrated by J. Appl. Physiol.. 62(1): 364 (1987), light transmissive, plastic tubing through which blood is circu- 
lated, may be placed between light sources and light detectors disposed generally opposite from the light sources. As 
30 exemplified by J. Appl. Physiol.. 69(2): 456 (1990), to ensure detection of a widely scattered light beam, detectors con- 
nected in parallel to a photodetector circuit may be used. A separate detector may measure light fluctuations. Diluted 
perfusate is described. 

Unless taken into account, measurement artifacts may induce error in determining blood parameters from optical 
properties of the blood. One well-known artifact results from changes in the degree of oxygen saturation of hemoglobin 

35 (SaO^. This artifact may be avoided by selecting a specific wavelength or isobestic point at which the hemoglobin oxygen 
content does not influence light transmission. Isobestic points are known in the IR range (approximately 814 nm), in the 
green range (approximately 585 and 555 nm), and in the UV range. 

As illustrated by U.S. Patent Nos. 4,745,279 to Karkar et al. 4,776.340 to Moran et al. 5,048.524 to Bailey, 5,066,859 
to Karkar et al, and 5,149,503 to Kohno et al, additional light sources or detectors have been used. Karkar '279 uses a 

40 detector for diffused light in combination with a compensating detector directly illuminated by another light source. Bailey 
uses a reference photocell to correct for variation in intensity of a light source, and describes a calibration fluid. Moran 
uses a catheter including a far detector and a near detector, and a non-linear equation based upon the near/far ratio to 
calculate hematocrit. Similar to Moran is Kbhno, which describes an additional emitter location, and uses a non-linear 
equation based upon signal ratio to calculate hemoglobin. 

45 Karkar '859 uses a pair of far field detectors and a pair of near field detectors. The far field detectors are spaced 
equidistant from a light emitting fiber, and one of the far field detectors is used to compensate for the signal detected by 
its paired fiber. A calibration procedure is described. Hematocrit measurement is compensated for the effects of oxygen 
saturation, pH and temperature. Karkar '859 points out that neither Karkar '279 nor Moran compensate for the effects 
of proteins and pH. 

so Despite the foregoing improvements in using the optical properties of blood to determine Wood indices, further 
improvement is needed to provide a clinically useful methodology and device. Beneficially, monitoring of fluid removal 
would be made practical. 

Summary of the Invention 

55 

U.S. Patent No. 5,331 ,958 is particularly focused in one aspect, on taking into account factors that influence change 
in light scatter, by for instance, compensating for change in light beam geometry induced by change in blood electrolyte 
composition, when optically determining a blood parameter such as hematocrit. 
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In accordance with the purpose of the present invention, as embodied and broadly described herein, there is provided 
a novel method for optically determining blood parameters. In accordance with the method, at least one light beam is 
directed into a patient's blood, and light emerging from the Wood is detected and measured for the purpose of using 
scatter as a source of information. 

5 In the present invention, it is beneficial to use either more than a single light source or more than two detectors. 
Because scatter is different at different wavelengths and scatter is being used as a source of information, the choice of 
a second wavelength or of even three of more wavelengths benefits this approach. Moreover, a second wavelength may 
be used to eliminate any oxygen saturation artifact. 

Because scatter provides different information at different locations, the choice of three or more distinct detection 

10 locations likewise benefits this approach. As will become understood, four distinct detection locations may be provided 
by combinations including two spaced apart detectors and two light sources. As appropriate, more than four distinct 
detection locations may be used. Advantageously, suitable locations are selected for evaluating intensity and geometry 
of an emerging light beam, and one of the locations is predominantly sensitive to directly emerging light. 

When a single light source is used, an isobestic IR wavelength, in particular a near infrared wavelength, is generally 

is preferred. When two light sources are used, an IR wavelength in combination with a visible wavelength such as a red 
wavelength, is typically useful. When three light sources are used, it is typically advantageous for two wavelengths to 
be I R wavelengths, and for one wavelength to be an isobestic wavelength. As applied to transmitted light, the combination 
of an IR wavelength and a through detector is usually beneficial. 

By the present invention, signal data obtained from detecting and measuring emerging light are correlated with 

20 independently measured data for a selected blood parameter. To provide for the correlation, the signal data and measured 
data are beneficially substantially simultaneous in time. Advantageously, a plurality of constant values are derived from 
the correlation, for use in subsequently determining the selected blood parameter at a later time. Thereafter, signal data 
obtained from detecting and measuring emerging light at a later point in time, and derived constant values are used to 
determine a value of the selected blood parameter at the later point in time. Beneficially, intensity and geometry of an 

25 emerging light beam are detected and measured. 

Advantageously, in making the determination, wavelength/detector location combinations that provide useful data 
are selected, and any wavelength/detector location combination that provides insignificant data or data that do not con- 
... tribute positively to the determination, may be disregarded. In. one approach, the determination may make use of the 
intensity of emerging light of one wavelength at a first distinct detection location, the intensity of emerging light of a 

30 second wavelength at a second distinct detection location, and the intensity of emerging light of a third wavelength at a 
third distinct detection location. In another approach, the determination may make use of the intensity of emerging light 
of one wavelength at a first distinct location, the intensity of emerging light of the same wavelength at a second distinct 
location, and a ratio of the intensities. 

In regard to the prior approach of compensating for change in light beam geometry, endogenous macromolecules 

35 such as protein, have an effect on scatter. By comparison, by the present invention, a selected blood parameter may be 
determined using information contained in scatter, independently of measuring or specifically following another Wood 
parameter. Thus, hematocrit may be determined independently of specifically following protein or electrolyte concentra- 
tion, and concentration of endogenous, optically detectable macromolecules, hemoglobin concentration, electrolyte con- 
centration, p0 2 , pH and oxygen saturation may be determined independently, and so forth. Furthermore, other Wood 

40 parameters such as blood oxygen content, may be calculated based thereon. The term "Wood parameter" as used in 
this description, includes blood concentration not only of endogenous macromolecules but also of exogenous, optically 
detectaWe macromolecules. 

In the present invention, it is beneficial to calibrate using means for scattering a light beam to a suitable reference 
geometry. Calibration is achieved by assigning a selected value to emerging light sensed at each distinctly located 
45 detector. 

Also provided is a novel device for optically determining blood parameters. As indicated, in one embodiment, the 
device advantageously includes four distinct detection locations. When two light sources are used, two detectors spaced 
apart from each other may provide four distinct detection locations. More specifically, two detectors may serve as near 
and far locations with respect to one light beam, and with respect to the other light beam, one detector may serve to 

so predominantly detect directly emerging light and the other detector may serve as a scatter detection location. Two light 
sources and four detectors may be similarly used. When one light source is used, four detectors spaced apart from one 
another, may be similarly used to provide four distinct detection locations, one of which as applied to transmitted light, 
may be a through detector location. 

In another embodiment, the device advantageously includes at least three distinct detection locations for evaluating 

55 emerging light. In this case, three light sources may be used, each with its respective detector. Advantageously, one 
detector may serve to predominantly detect directly emerging light, and the other detectors may serve as scatter detec- 
tors. 

Beneficially, a device in accordance with the present invention, may be used with an extracorporeal circuit through 
which blood flows, to continuously or intermittently monitor a patient for selected blood parameters, including circulating 
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_ blood volume may be advantageously monitored basecfupor 



blood volume. Change in circulating blood volume may be advantageously monitored basedupon hemoglobin concen- 
tration as optically determined in accordance with the present invention. This information may be beneficially used for 
fluid management, for instance, to regulate the rate of fluid removal. 

In the drawing and in the detailed description of the invention that follows, there are shown and essentially described 
only preferred embodiments of this invention. As will be realized, this invention is capable of other and different embod- 
iments, and its several details are capable of modification in various respects, all without departing from the invention. 
Accordingly, the drawing and the detailed description are to be regarded as illustrative in nature, and not as restrictive. 



Brief Description of the Drawing 

10 

Reference is now made to the accompanying drawing, which forms a part of the specification of the present invention. 

Figure 1 is a perspective view of a portion of a preferred analysis device in accordance with the present invention; 
Figure 2 is an enlarged cross-sectional view of the device shown in Figure 1 ; 
15 Figure 3 is a schematic diagram of the device of Figure 1 ; 

Figure 4 is a schematic diagram of a second preferred analysis device in accordance with the present invention; 
Figure 5 is a schematic diagram of a third preferred analysis device in accordance with the present invention; 
Figure 6 is a schematic diagram of a fourth preferred analysis device in accordance with the present invention; and 
Figure 7 is a cross-sectional view of a calibration means useful in the present invention. 

20 

Detailed Description of the Invention 



When a light beam is directed into blood, the intensity and geometry of the emerging light is determined by the 
extent of absorption and the degree of scatter. Incident light is significantly scattered by a red cell suspension so that a 
25 significant fraction (scattered fraction) is no longer generally perpendicular when it reaches a detecting surface. This 
phenomenon influences not only the fraction of light which reaches a particular detecting surface, but also the degree 
of scatter, and hence the current generated by a photodetector for any given incident light. In hemolyzed blood, scatter 
will be negligible. 

In accordance with the present invention, a device 10 is provided in the preferred embodiment shown in Figures 1 
30 to 3. Beneficially, there is no need to carry out prior to analysis, artificial intervention by which a patient's blood is diluted, 
or the blood is hemolyzed, or, as described in U.S. Patent Nos. 3,830,569 to Meric and 4,735,504 to Tycko, the red cells 
are spherized. Rather, the present invention may be advantageously applied to circulating blood within an extracorporeal 
circuit, without detrimental effect on the blood. 

Made of opaque plastic, housing 12 includes a channel 14 for receiving a light transmissive, flow cell 22, which has 
35 extracorporeal circuit tubing 24 attached to each end. In accordance with the invention, device 1 0 includes means 26,27 
for generating light beams, which may be the same or different wavelengths. Conventional drivers 30A.30B for each 
light source may be suitably used. 

Beneficially, a light source that emits an isobestic wavelength, is used. A useful isobestic wavelength in the I R range, 
is approximately 815 nm. Other useful wavelengths include 940 nm (IR) and 670 nm (red). 940 nm is advantageous due 
40 to its particular sensitivity to water. A beneficial combination is an isobestic IR wavelength and a red wavelength, for 
instance, 815 nm and 670 nm. 

Lasers are highly advantageous light sources. Other light sources include iaserdiodes, LEDs and incandescent light 
sources. Like lasers, Iaserdiodes beneficially emit virtually a single wavelength. Incandescent light sources directed 
across narrow band width interference filters, may be used. 
45 Suitably, each light source is disposed in a cylindrical opening 16 in a cover 18 of opaque plastic housing 12. The 
cylindrical openings serve to collimate the light beams. Alternatively, light sources 26,27 may be disposed remote from 
the housing. In this case, fiber optic cable carrying specific light, may be used. 

In accordance with the present invention, device 10 includes detector means for detecting light emerging from the 
Wood. These detector means are positioned at suitable locations for sensitivity to the intensity and geometry of the 
so emerging light. Conventional photodiodes may be used. Importantly, light detector means 32,33 are disposed at different 
locations with respect to each light beam. The areas illuminated by light sources 26,27 are represented in Figure 3, and 
indicate transmitted and scattered light for each beam of light. 

Light detection means 32 is beneficially located so as to predominantly be sensitive to directly emerging light, that 
is, with light that maintains a generally straight-line path through the blood. To this end, as applied to transmitted light 
55 as shown in Figure 3, detector 32 is directly illuminated by light source 26, and may be located in the center of the light 
beam, that is, in line with optical axis "a". Advantageously, in the case of through detector 32, the blood path length of 
directly transmitted light, is typically about 3 mm or more. 

Light detection means 33 is located so as to be sensitive to emerging light that has been scattered, and for conven- 
ience, may be termed a "side detector". Beneficially, detectors 32,33 are spaced apart but located proximate to one 
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w depends upon factors including the length of the light path. For example, the spacing 
will be greater than the light path, and the spacing will be sufficient so that information from one detector differs from 
information from another detector. A spacing of about 1 cm, center to center, provides advantageous resolution for a 
light path of about 3mm; too close a spacing as in the prior art catheter of Moran, should be avoided. 
s Conveniently, as applied to transmitted light, the detectors are located within an opposite side 20 of the housing 
from the light sources and situated so as to be adjacent the flow cell. Suitable dimensions for the detectors are about 4 
mm x 5 mm. 

Of significance in the present invention is the location of the second light source. Advantageously, neither detector 
is directly illuminated by light source 27. Rather, optical axis "b" of a light beam from the second light source is spaced 

10 apart from the optical axis of the first light beam, and projects between detectors 32,33. Thus, detector 33 is not a 
"through detector" for light source 27. Moreover, light source 27 is offset so that optical axis "b" is closer to one detector 
than to the other. With reference to Figure 3, light source 27 is advantageously located relatively closer to detector 33 
than to detector 32, and thus, with respect to light source 27, detector 33 may be termed a "near detector" and detector 
32 may be termed a "far detector". Suitably, light source 27 may be located, center to center, a distance of about 0.4 cm 

is from detector 33. and a distance of about 0.6 cm from detector 32, using optical axis "b" as the center. 

In this way, when two pulsed light sources are used, two detectors may provide four distinct detection locations. By 
comparison, if detectors 32,33 were equidistant from optical axis "b", there would not be four distinct locations. Benefi- 
cially, when 81 5 nm and 670 nm light sources are used, light detector 32 may be located so as to be sensitive to directly 
emerging light emanating from the 815 nm light source; and the 670 light source may be located so that light detector 

20 32 is a "far detector" and light detector 33 is a "near detector". 

As shown in Figure 2, flow cell 22 is beneficially shaped to generally conform to the geometry of channel 14. If 
desired, light transmissive tubing inserted into extracorporeal circuit tubing 24, may be used in place of the flow cell, 
and the tubing may be conformed to the channel geometry upon the closing of cover 18. 

In accordance with the present invention, and with particular reference to Figure 3, device 1 0 further includes signal 

25 amplification means. Suitably, conventional operational amplifiers may be used. Advantageously, a first amplification 
means 41 operatively communicates with detector 32, and a second amplification means 42 operatively communicates 
with detector 33. Subsequently and as appropriate, a third amplification means 43 operatively communicates with detec- 

. .. tor 32, and a fourth amplification means 44 operatively communicates with detector 33. Detected signals from optically 
distinct locations are separately amplified. 

30 Also in accordance with the present invention, the device advantageously includes conventional analog to digital 
(A/D) converter means and signal processing means 50. Conveniently, the A/D converter means includes four channels 
for separately processing the four incoming signals, for feeding to the signal processing means. The signal processing 
means operatively communicates with, and serves to separately evaluate the signals received from, the individual ampli- 
fication means. A conventional microprocessor may be used as the signal processing means. Switching between a 

35 detector and particular amplification means may be suitably provided by conventional switch means for controlling signal 
feed from the detectors, and may be conveniently controlled by the microprocessor. 

The microprocessor advantageously controls emission by light sources 26,27, via drivers 30A.30B. More particularly, 
in device 1 0, the light sources are pulsed sequentially, preferably using stable current supplies. Switching between drivers 
may be conveniently controlled by the microprocessor, and is beneficially coordinated with detector/amplification means 

40 switching. Photodetector signals, proportional to incident light, are processed by the microprocessor, which beneficially 
functions to use signal information to determine blood parameters of interest. 

If desired, as earlier mentioned, light sources 26,27 may be remotely located from housing 12. In this case, each 
light beam may be split so as to be directed partially toward housing 1 2 and partially toward a second housing provided 
with a reference flow cell containing a standard. The second housing may be conveniently structured in like manner as 

45 housing 1 2, and will preferably include a pair of light sources and a pair of detectors located in identical manner as light 
sources 26,27 and detectors 32,33, and will be appropriately connected to the described circuitry. Signals from this 
reference flow cell may be processed in a similar manner as described in US. Patent No. 5,331 ,958 for detectors 32,33 
thereof. Use of a second housing permits calibration readings under the control of the microprocessor without removal 
of flow cell 22 from housing 12. 

so In the device shown, an operator removes flow cell 22 from housing 12 and inserts the reference flow cell. In this 
case, inaccuracy resulting from variability in or in aging of the detectors, will be avoided, and greater reliability should 
result. In either case, a calibrating standard for assigning a selected value to emerging light sensed at detector 32 and 
a selected value to emerging light sensed at detector 33, is beneficial. 

In accordance with the invention and with reference to Figure 7, calibration means 60 for scattering a light beam to 

55 a suitable reference geometry, is advantageously used. The reference geometry may differ from that of blood. 

A useful calibrating standard is provided by a light transmissive, flow cell 62 having elements 64 corresponding to 
grooves in housing 12, filled with a suitable calibrating matrix 66, and sealed at its ends using plugs 68. Particles having 
a particle size in the range of about 1 micron to 1 mm, preferably about 3 to 100 microns, very preferably about 5 to 10 
microns, form matrix 66. An appropriate particle size for a particular reference geometry depends upon factors including 
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the length of the light path, because particle size and length of light path influence the degree of scatter. Generally 
speaking, to obtain a given degree of scatter, a relatively longer light path permits the use of relatively smaller particle 
size, whereas a relatively shorter light path will require the use of relatively larger particle size. Beneficially, the matrix 
particles are three-dimensionally fixed in their respective positions. 

s Depending upon the particle size, the calibrating matrix may require a light-absorbing additive to prevent saturation 
of the detectors. Thus, if particles of about 1 mm were used, such an additive may not be necessary; whereas particles 
of about 5 microns would typically require the additive. A suitable dye and/or colorant for use as a light-absorbing additive, 
is stable under the conditions of use, will selectively absorb light, and will be optimized to the light wavelengths to be 
used. Typically, the absorption will be in the visible and near infrared spectrum. Exemplary useful additives include copper 

w phthalocyanine, indocyanine green, naphthol green B, prussian blue, and nigrosin. 

A suitable matrix will not be opaque, but rather is substantially transmissive to light. Conveniently, matrix 66 may be 
provided by a homogeneous mixture of a silicone lubricant and a suitable additive or additives. In this case, the lubricant 
will be of sufficient viscosity under the conditions of use, to maintain a homogeneous mixture. Exemplary is a silicone 
lubricant available as Dow Corning Product #111. By comparison, a clear liquid such as the saline solution of Bailey. 

75 would not be useful in the present invention, because little scatter would be produced. 

As may be understood, a useful calibrating standard may be prepared by mixing a suitable additive and matrix to 
provide a homogeneous mixture, charging the flow cell with the mixture, and sealing the filled flow cell. A small amount 
of additive is used in proportion to the matrix, and as indicated, is sufficient to prevent saturation of the detectors. For 
example, when the additive is copper phthalocyanine and the matrix is silicone lubricant, about 10 mg of additive may 

20 be conveniently mixed with about 4 gm of the matrix. 

In accordance with the present invention, a method for determining blood parameters from optical properties of 
blood by using information contained in scatter, is provided. By the method, at least one light beam is advantageously 
directed into a patient's circulating blood, and light emerging from the blood is detected and measured using three or 
more distinct detection locations. As applied to transmitted light, the detection units may consist of through detector 32, 

25 and at an optically distinct location suitable for sensitivity to intensity and geometry of an emerging light beam, side 
detector 33; however, other elements or procedures useful for providing signals capable of enabling evaluation of the 
intensity and geometry of an emerging light beam, may be used. 

In a preferred embodiment, calibration means 60 is placed into housing 12, the light sources are pulsed directing 
each light beam into the calibrating means, and a selected value is assigned to the emerging light detected and measured 

30 at each distinctly located detector. Thereafter, signal data are accumulated over a selected period of time using device 
10, and independently measured data for a blood parameter or parameters of interest are obtained. The signal data and 
measured data are beneficially obtained substantially simultaneous in time. Based thereon, an appropriate equation 
including derived constant values, may be determined. By thereafter obtaining signal data at a subsequent point in time 
using device 1 0, and using the resultant signal information for solving the equation, the value of the blood parameter or 

35 parameters of interest at that subsequent point in time, may be determined independently of other blood parameters. 
As previously described, detector signals are separately amplified, and amplified signals are separately received by the 
signal processing means. Calibration may be at the outset and thereafter as appropriate. 

With continued reference to device 10 of Figures 1 to 3, processing of signal information to determine a Wood 
parameter (BP) of interest may use an equation that follows intensity and geometry of an emerging light beam, and that 

40 includes total intensity and a ratio of intensities. Illustrative is the following equation for wavelengths of 815 nm and 670 
nm: 

BP = Alog815TH + Blog815SD + C(log815THxlog815SD) + 
D(log81 5TH/log81 5SD) + Elog670NR + Flog670FR + 
45 G(log670NRxlog670FR) + H(log670NR/log670FR) + I, 

where 815TH is the signal from through detector 32, 815SD is the signal from side detector 33, 670NR is the signal 
from near detector 33, 670FR is the signal from far detector 32, and A, B, C ... I are constants. As may be understood, 

so this equation would be the same for other wavelengths except that the equation may specify the other wavelengths used. 
Total intensity could be evaluated by a sum of logs, rather than, as shown, a product of logs. In addition, the determination 
may not necessarily always require log calculations, and may even use a combination of logs and raw numbers. 

By the present invention, multiple regression analysis is advantageously used to derive the constants A, B, C ... I 
from the data accumulated over the selected period of time using device 10, and from the measured data for the Wood 

55 parameter of interest. As may also be understood, the constants will likely vary depending upon the Wood parameter of 
interest. 

Evaluation is advantageously used to find components of the equation that either contribute insignificantly or do not 
contribute positively to the determination. Such components may be disregarded in selecting an appropriate equation. 
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Variation in useful components of an equation may be expected depending upon factors including the blood parameter 
of interest and the wavelength or wavelengths used. 

Even so, it should be noted that the foregoing equation beneficially includes data for intensity of emerging light of 
one wavelength detected at a first distinct detection location, data for intensity of emerging light of the same wavelength 

5 detected at a second distinct detection location, data for total intensity, and data for a ratio of the intensities. Advanta- 
geously, ratio data particularly inform as to the light beam geometry. However, as may be understood, it may not be 
necessary that an equation specify ratio data for emerging light beam geometry to be evaluated. 

Because intermittent and continuous forms of dialysis including continuous hemof iltration, require an extracorporeal 
circuit, device 10 may be used on-line to continuously or intermittently monitor blood parameters by measuring light 

w transmission changes across the circuit tubing or a flow cell inserted into the circuit. By monitoring a parameter such 
as hemoglobin, the rate of ultrafiltration may be optimized by providing for the maximum rate of fluid removal which will 
not result in a sustained or excessive increase in hemoglobin, that is, the maximal rate of fluid removal which can be 
matched safely by fluid mobilization from the tissues into the blood stream. Hemoglobin concentration may be a better 
index of circulating blood volume than hematocrit, because hematocrit can be influenced by the mean corpuscular vol- 

is ume. 

With reference to Figure 4, a second preferred embodiment of the present invention is shown, in which to avoid the 
use of pulsed light sources, each light source is followed by separate detectors. Corresponding numerals are used in 
Figure 4 to indicate parts of device 1 10 corresponding to device 10, and, for sake of brevity, no description is given of 
corresponding parts except as otherwise now provided. 

20 In accordance with this embodiment, device 110 includes flow cells 122A.122B disposed within housings 
1 12A.1 12B, extracorporeal circuit tubing 124 connecting the flow cells, and means 126,127 for generating light beams 
and detecting means 132A,133A,132B,133B disposed within the respective housings. Driver 130A drives the first light 
source, and driver 130B drives the second light source. The areas illuminated by the light sources are represented in 
Figure 4, and indicate transmitted and scattered light for each beam of light. 

25 As shown, each flow cell has a single light source and a separate set of detectors. Advantageously, the detectors 
within a set may be spaced apart, center to center, a distance of about 1 cm. Beneficially, one detector may be located 
so as to predominantly be sensitive to directly emerging light, and no other detector is directly illuminated by a light 
source. Optical axis "c" of a light beam from light source 127 projects between. detectors 132B.133B. Moreover, light 
source 127 is offset so that the optical axis is closer to one detector than to the other. 

30 In this way, four distinct detection locations are provided. When 81 5 nm and 670 nm light sources are used, detector 
132A may be located to be predominantly sensitive to directly emerging light emanating from the 815 nm light source; 
and the 670 nm light source may be located so that detector 1 32B is a "far detector" and detector 1 33B is a "near detector". 

In accordance with this embodiment, advantageously, a first amplification means 141 operatively communicates 
with detector 1 32 A, a second amplification means 1 42 operatively communicates with detector 1 33A, a third amplification 

35 means 143 operatively communicates with detector 132B, and a fourth amplification means 144 operatively communi- 
cates with detector 133B. Also in accordance with this embodiment, the device suitably includes conventional analog to 
digital (A/D) converter means and signal processing means 150. Conveniently, the A/D converter means includes four 
channels for separately processing the signals. 

In accordance with the present invention, device 1 10 of Figure 4, constructed as shown and described, and com- 

40 prising a 815 nm laser light source and detectors 132A.133A disposed in housing 1 12A and spaced apart, center to 
center, a distance of 1 cm, and having a 3 mm light path; and comprising a 670 nm laser light source and detectors 
132B.133B disposed in housing 1 12B and respectively spaced from optical axis "c" of the light beam a distance of 0.6 
cm and 0.4 cm, is used to derive appropriate constants for determining hematocrit and p0 2t using the following equation: 

45 BP = Alog815TH + Blog815SD + C(log815THxlog815SD) + 

D(log815TH/Iog815SD) + Elog670NR + Flog670FR + 
G(log670NRxlog670FR) + H(log670NR/log670FR) + I, 

so where BP is hematocrit or p0 2 , and the remaining components of the equation are as previously described . The detectors 
are 4 mm x 5 mm in size. 

A sealed flow cell containing a homogeneous mixture of copper phthalocyanine and silicone lubricant, is used as 
the calibration standard. Thereafter, signal data are obtained for circulating blood, and measured data for hematocrit 
and p0 2 are obtained. 

55 The experimental design is as follows: each day over an eight day period, a circuit including flow cells 122A.122B 
is charged with approximately 250 ml fresh blood. The flow cells are respectively disposed in housings 112A.112B. 
Subsequently, four 15 ml volumes of plasma are added to the circuit at appropriate intervals. Then, four 400 microliter 
volumes of 3 M sodium chloride are added to the circuit at appropriate intervals. Then, four 15 ml volumes of ultrafirtrate 
are removed from the circuit at appropriate intervals. Then, four 15 ml volumes of ultrafiltrate are added to the circuit at 
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appropriate intervals. Oxygen tension is varied by changing the % 0 2 in contact with the blood Signal data are obtained 
using device 1 10 to monitor the foregoing interventions, and simultaneously measured data for hematocrit and p0 2 are 
obtained. Hematocrit is measured using a standard microhematocrit technique and an electrode measurement is used 
for p0 2 . Each day over the eight day period, this experimental protocol is followed. As may be understood, this protocol 
results in the collection of signal data for hematocrit, while macromolecular (in particular protein) concentration and 
sodium concentration are changed in the circulating blood. 

Thereafter, using multiple regression analysis, the accumulated signal data are correlated with the accumulated 
measured data for each of hematocrit and p0 2 . and the constants and other pertinent information are derived, as shown 
in Table 1 , for each of hematocrit and 
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p0 2 . with reference to the TableTconstants A, B, C ... H are the "X coefficient(s)" in the order shown, and constant I is 
the "Constant". Thereafter, at a subsequent point in time, signal data are obtained and the resultant information is used 
to solve the equation, to determine hematocrit and p0 2 at that subsequent point in time. 

As may be understood, hematocrit is determined independently of specifically following or measuring protein or 
s sodium concentration. Moreover, by comparison, the device of Figure 4 of U.S. Patent 5,331 ,958 will generally produce 
less accurate results. The combination of one light source and two detectors provides comparatively less information 
as to change in intensity and geometry of the emerging light beam. 

Furthermore, using the approach of the present invention, hemoglobin or protein may be determined independently 
of measuring or specifically following hematocrit or sodium concentration. Applications include determination of blood 
w concentration of additional hemoglobin species. To this end, wavelengths appropriate for optical detection of these spe- 
cies including carboxyhemoglobin and methemoglobin, may be used. 

With reference to Figure 5, a third preferred embodiment of the present invention is shown, in which a single light 
source is used with four detectors. Corresponding numerals are used in Figure 5 to indicate parts of device 210 corre- 
sponding to device 10, and, for sake of brevity, no description is given of corresponding parts except as otherwise now 
15 provided. 

In accordance with this embodiment, device 210 includes a flow cell 222 disposed within a housing 212, a light 
source 226, which is preferably a 815 nm light source, and four detectors 232A,233A,232B,233B. Beneficially, each 
detector is differently located with respect to the light source to receive different information. The area illuminated by the 
light source is represented in the Figure. 

20 As in device 1 1 0, one detector may be located so as to predominantly be sensitive to directly emerging light ema- 
nating from the light source, and no other detector is directly illuminated by the light source. Optical axis "e" of a light 
beam from the light source projects between detectors 233B.232B, and these detectors are located at a different distance 
with respect to the optical axis. As shown, detector 233B is a "near detector" and detector 232B is a "far detector". 
Advantageously, detectors 232A.233A are spaced apart, center to center, a distance "d1 " of about 1 cm, and detec- 

25 tors 233B.232B are likewise spaced apart, center to center, a distance of about 1 cm. Optical axis "e" of the light beam 
is located a distance d2 of about 0.4 cm from detector 233B (center), and a distance d3 of about 0.6cm from detector 
232B (center). 

For sake of brevity, no further written description is made of Figure 5, insofar as, taking into consideration the fore- 
going description of devices 10 and 1 10, the remainder of device 210 is believed to be self-evident to one skilled in the 

30 art. Likewise, application of the foregoing equation to device 210 is believed to be self-evident, when it is understood 
that TH is the signal from through detector 232 A, SD is the signal from side detector 233 A, NR is the signal from near 
detector 233B, and FR is the signal from far detector 232B. It will be understood, of course, that further ratios and 
products may be derived from the data obtained-from the four detectors, for instance, the ratio of the through and near 
detector signals may be obtained; and that equation components may be disregarded as appropriate. 

35 With reference to Figure 6, a fourth preferred embodiment of the present invention is shown, in which three light 
sources are used, and each light source is followed by a separate set of detectors. Corresponding numerals are used 
in Figure 6 to indicate parts of device 310 corresponding to device 1 10, and, for sake of brevity, no description is given 
of corresponding parts except as otherwise now provided. 

In accordance with this embodiment device 310 includes flow cells 322A.322B.322C disposed within housings 

40 312A,312B,312C, extracorporeal circuit tubing 324 connecting the flow cells, means 326,327,328 for generating light 
beams and detecting means 332A,333A,332B,333B,332C, 333C disposed within the respective housings. Driver 330A 
drives the first light source, driver 330B drives the second light source, and driver 330C drives the third light source. The 
areas illuminated by the light sources are represented in the Figure. 

As shown, each flow cell has a single light source and a separate set of detectors. Advantageously, the detectors 

45 within a set may be spaced apart, center to center, a distance of about 1 cm. Beneficially, at least one detector may be 
located so as to predominantly be sensitive to directly emerging light. As shown, two detectors may be so located; 
otherwise, no other detector is directly illuminated by a light source. Optical axis T of a light beam from light source 327 
projects between detectors 332B.333B. Light source 327 is offset so as to be closer to one detector than the other. 
As may be understood, the detectors are located so as to provide four distinct detection locations. Detectors 

so 332C.333C are suitably similarly disposed as detectors 332A.333A. Beneficially, when 815 nm, 670 nm and 940 nm 
light sources are used, detector 332A may be located to be predominantly sensitive to directly emerging light emanating 
from the 815 nm light source; the 670 light source may be located so that detector 332B is a "far detector" and detector 
333B is a "near detector"; and detector 332C may be located to be predominantly sensitive to directly emerging light 
emanating from the 940 nm light source. 

55 In accordance with this embodiment, advantageously, a first amplification means 341 operatively communicates 
with detector 332 A, a second amplification means 342 operatively communicates with detector 333A, a third amplification 
means 343 operatively communicates with detector 332B, a fourth amplification means 344 operatively communicates 
with detector 333B, a fifth amplification means 345 operatively communicates with detector 332C, and a sixth amplifi- 
cation means 346 operatively communicates with detector 333C. Also in accordance with this embodiment, the device 
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alog to digital (A/D) converter means and signal processing means 350. Conveniently, 
A/D converter means 350 includes six channels tor separately processing the signals. 

With continued reference to device 310, processing of signal information to determine a blood parameter (BP) of 
interest may be by the use of the following equation which follows intensity and geometry of an emerging light beam, 
5 when wavelengths of 815 nm, 670 nm and 940 nm are used in housings 312A,312B,312C, respectively: 

BP = Alog815TH + Blog815SD + C(log815TVbdog815SD) + 
D(log815TH/log815SD) + Elog670NR + Flog670FR + 
1Q G(log670NRxlog67dFR) + H(log670NR/log670FR) + 

Hog940TH + Jlog940SD + K(log940THxlog940SD) + 
L(log940TH/log940SD) + M, 

where 81 5TH is the signal from through detector 332 A, 81 5SD is the signal from side detector 333A, 670NR is the signal 
is from near detector 333B. 670FR is the signal from far detector 332B, 940TH is the signal from through detector 332C, 
940SD is the signal from side detector 333C, and A, B, C ... M are constants. As before, this equation would be the 
same for other wavelengths except that the equation may specify the other wavelengths used. Also, total intensity could 
be evaluated by a sum of logs, rather than, as shown, a product of logs; and the determination may not necessarily 
always require log calculations, and may even use a combination of logs and ordinary numbers. 
20 Here also, evaluation may show that components of the equation either contribute insignificantly or do not contribute 
positively to the determination, and hence may be disregarded. For determining hematocrit, the following simplified linear 
equation may be particularly suitable: 

BP = A815TH + B815SD + E670NR + F670FR + I940TH + J940SD + M. 

25 

Moreover, the following further simplified equation may be highly useful: 

BP = B815SD + F670FR-+ I940TH + M, 

30 with a relative weighting based upon degree of importance, being 940TH, 815SD and 670FR in the order given. It will 
be understood that the constants for a simplified equation would not be the same as the constants for an equation 
including more components, and that log values may be used. 

As indicated, the monitoring devices and method of the present invention may be used on-line with an extracorporeal 
circuit through which a patient's blood is circulated. However, the inventive concept is equally applicable to analysis of 

35 blood in a body part that can be transilluminated. More precisely, the invention may be applied to non-invasive devices 
(probes). Accordingly, the invention may be embodied in clip-like devices for attachment to body parts which can be 
transilluminated such as fingers, toes and ear lobes. 

In such non-invasive devices, changes in volume and/or emitter-to-detector distance should be minimized. Similarly, 
in the earlier-described devices, a constant light path between a light source and each detector is beneficial. With respect 

40 to the noninvasive devices, a tight fit should be ensured. Rotational movement may be prevented by the use of rub- 
berized, high friction surfaces. Changes in volume and device movement may be minimized by tightening with Velcro® 
straps. 

When used for on-line monitoring, net volume exchange (VE) with or from the circulating vascular volume (VC) at 
any time (t), may be obtained using hemoglobin as a optically detectable reference with the following equation: 

45 

VE(t) = VC-(1 -Hbgo/Hbg(t)), 

where Hbgo represents the initial hemoglobin, and Hbg(t) is the concentration of hemoglobin at time (t). Monitoring of 
volume exchanged is of value in the mobilization of edema because if edema is mobilized into the blood stream, fluid 

so must be removed appropriately to prevent dangerous increases in VC and excessive anemia. In many instances, fluid 
removal is undertaken in conjunction with acute dialysis, in which case a monitoring device in accordance with the 
present invention, may be attached to the dialysis circuit. If dialysis is not undertaken, a non-invasive device in accordance 
with the present invention, may be used. 

Applications of the present invention include monitoring of fluid balance with appropriate feedback. When a moni- 

55 toring device in accordance with the present invention, is placed on an intermittent or continuous dialysis system, proximal 
to the filtering device, a patient's hemoglobin and the volume exchanged from the patient's blood volume may be con- 
tinuously monitored and displayed. This information may support a feed-back electronic system to regulate the rate of 
ultrafiltration and to maintain an adequate and safe circulating blood volume while fluid exchange is induced. 
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1 detail and by reference to preferred embodiments, rtwHTbe apparent that modifi- 
cations and variations are possible without departing from the scope of the invention defined in the appended claims. 



Claims 

5 

1 . A method for optically determining blood parameters, said method comprising 
directing at least one light beam into a patient's blood; 

detecting and measuring the emerging light at at least three distinct detection locations, one of which is 
predominantly sensitive to directly emerging light; 
10 correlating data obtained from said detecting and measuring, with measured data for a selected blood param- 

eter, to derive a plurality of constant values for determining said blood parameter; and 

determining said blood parameter at a later point in time based upon detected and measured, intensity and 
geometry of at least one emerging light beam at said later point in time, and upon said plurality of constant values. 

15 2. The method of claim 1 , wherein blood concentration of optically detectable macromolecuies is determined. 

3. The method of claim 1, wherein a Wood parameter selected from hemoglobin concentration, hematocrit, protein 
concentration, electrolyte concentration and oxygen content is determined. 

20 4. The method of claim 3, wherein hemoglobin is determined, and change in circulating blood volume is determined 
from said hemoglobin concentration. 

5. The method of claim 1 , comprising directing a first light beam into said blood using a first light source, directing a 
second light beam into said Wood using a second light source, and directing a third light beam into said blood using 

25 a third light source. 

6. The method of claim 1, wherein at least four distinct detection locations are used; and comprising directing a first 
light beam into said Wood, and directing a second light beam into said blood, wherein said second light beam has 
an optical axis spaced apart from the optical axis of said first light beam. 

30 

7. The method of claim 6, wherein a first light detection means is located to be predominantly sensitive to directly 
emerging light of said first light beam and for sensitivity to scattered emerging light of said second light beam; 
wherein a second light detection means is located for sensitivity to scattered emerging light of said first light beam 
and to scattered emerging light of said second light beam; and wherein said optical axis of said second light beam 

35 is located so as to be relatively closer to one of said first and second light detection means than to the other of said 
first and second light detection means. 

8. The method of claim 1 , wherein said plurality of constant values are applied to a mathematical sum comprising the 
intensity of the emerging light of a first wavelength measured at a first of said detection locations, the intensity of 

40 the emerging light of said first wavelength measured at a second of said detection locations, and a ratio of the 
intensities. 



9. The method of claim 1, comprising a calibrating step, comprising directing said light beam into calibrating means 
for scattering said light beam to a suitable reference geometry; and assigning a selected value to the emerging light 
45 sensed at each of said detection locations. 



10. The method of claim 1 , wherein said light beam is directed into an extracorporeal circuit containing flowing blood. 



11. The method of claim 10, comprising returning said blood to the patient after said measuring and detecting step. 

50 

12. A device for optically determining blood parameters, said device comprising first means for generating a first light 
beam suitable for being directed into a patient's blood; second means for generating a second light beam suitaWe 
for being directed into a patient's blood, said second light beam having an optical axis spaced apart from the optical 
axis of said first light beam; and first detecting means and second detecting means spaced apart from one another, 

55 wherein one of said detecting means provides for directly emerging light of said first light beam to be predominantly 
detected and for scattered emerging light of said second light beam to be detected, wherein the other of said detect- 
ing means provides for scattered emerging light of said first light beam and for scattered emerging light of said 
second light beam to be detected, and wherein one of said detecting means is located relatively closer to said optical 
axis of said second light beam than the other of said detecting means is located. 
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ein said detecting means are tight detecting means. 



14. The device of claim 1 2, wherein said first means for generating a light beam, emits a wavelength in the infrared range. 

5 15. A device for optically determining blood parameters, said device comprising first means for generating a first light 
beam suitable for being directed into a patient's blood, and a first detecting means for sensing emerging light of said 
first light beam; second means for generating a second light beam suitable for being directed into a patient's blood, 
and a second detecting means for sensing emerging light of said second light beam; third means for generating a 
third light beam suitable for being directed into a patient's blood, and a third detecting means for sensing emerging 

10 light of said third light beam; wherein said detecting means are cooperatively disposed at at least three distinct 
detection locations with respect to said tight beams, and wherein at least one of said detecting means provides for 
directly emerging light to be predominantly detected. 
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(54) Spectrophotometric blood analysis 

(57) A spectrophotometric method and device are 
described which are particularly useful for on-line moni- 
toring and control of blood parameters. Determination of 
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ing another blood parameter, is made possible by using 
information contained in scatter. Calibration using 
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means for scattering a light beam to a suitable reference 
geometry, is beneficially used. The device is beneficially 
applied to extracorporeal circuits, and may be used to 
optimize dialysis. 
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